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(57) ABSTRACT 

TWo acyltransferases are provided, suitable for use in the 
manufacture of microbial oils enriched in omega fatty acids 
in oleaginous yeast (e.g., Yarrowia lipolylica). Speci?cally, 
the genes encoding phophatidylcholine-diacylglycerol acyl 
transferase (PDAT) and diacylglycerol acyltransferase 
(DGAT2) have been isolated from I’. lipolylica. These genes 
encode enzymes that participate in the terminal step in oil 
biosynthesis in yeast. Each is expected to play a key role in 
altering the quantity of polyunsaturated fatty acids produced 
in oils of oleaginous yeasts. 
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ACYLTRANSFERASES FOR ALTERATION 
OF POLYUNSATURATED FATTY ACIDS AND 
OIL CONTENT IN OLEAGINOUS YEASTS 

This application claims the bene?t of Us. Provisional 
Application No. 60/484,599, ?led Jul. 2, 2003. 

FIELD OF THE INVENTION 

This invention is in the ?eld of biotechnology. More 
speci?cally, this invention pertains to the identi?cation of 
nucleic acid fragments encoding phospholipid:diacylglyc 
erol acyltransferase and diacylglycerol acyltransferase. 
These enzymes are useful for altering the quantity of oil in 
oleaginous microorganisms, such as oleaginous yeasts. 

BACKGROUND OF THE INVENTION 

The present invention is directed toWard the development 
of an oleaginous yeast that accumulates oils enriched in 
long-chain 00-3 and/or 00-6 polyunsaturated fatty acids (“PU 
FAs”; e.g., 18:3, 18:4, 20:3, 20:4, 20:5, 22:6 fatty acids). 
Thus, in addition to developing techniques to introduce the 
appropriate fatty acid desaturases and elongases into these 
particular host organisms (Where naturally produced PUFAs 
are usually limited to production of 18:2 fatty acids [and less 
commonly, 18:3 fatty acids]), it is also necessary to increase 
the transfer of PUFAs into storage lipid pools folloWing their 
synthesis. 
Most free fatty acids become esteri?ed to coenZyme A 

(CoA), to yield acyl-CoAs. These molecules are then sub 
strates for glycerolipid synthesis in the endoplasmic reticu 
lum of the cell, Where phosphatidic acid and diacylglycerol 
(DAG) are produced. Either of these metabolic intermedi 
ates may be directed to membrane phospholipids (e.g., 
phosphatidylglycerol, phosphatidylethanolamine, phos 
phatidylcholine) or DAG may be directed to form triacylg 
lycerols (TAGs), the primary storage reserve of lipids in 
eukaryotic cells. 

In the yeast Saccharomyces cerevisiae, three pathWays 
have been described for the synthesis of TAGs. First, TAGs 
are mainly synthesiZed from DAG and acyl-CoAs by the 
activity of diacylglycerol acyltransferases. More recently, 
hoWever, a phospholipid:diacylglycerol acyltransferase has 
also been identi?ed that is responsible for conversion of 
phospholipid and DAG to lysophospholipid and TAG, 
respectively, thus producing TAG via an acyl-CoA-indepen 
dent mechanism (Dahlqvist et al., PNAS. 97(12):6487-6492 
(2000)). Finally, tWo acyl-CoA:sterol-acyltransferases are 
knoWn that utiliZe acyl-CoAs and sterols to produce sterol 
esters (and TAGs in loW quantities; see Sandager et al., 
Biochem. Soc. Trans. 28(6):700-702 (2000)). 
A comprehensive mini-revieW on TAG biosynthesis in 

yeast, including details concerning the genes involved and 
the metabolic intermediates that lead to TAG synthesis, is 
that ofD. Sorger and G. Daum (Appl. Microbiol. Biotechnol. 
61 :289-299 (2003)). HoWever, the authors acknowledge that 
most Work performed thus far has focused on Saccharomy 
ces cerevisiae and numerous questions regarding TAG for 
mation and regulation remain. In this organism it has been 
conclusively demonstrated that only four genes are involved 
in storage lipid synthesis: AREl and ARE2 (encoding acyl 
CoA:sterol-acyltransferases), LROl (encoding a phospho 
lipid:diacylglycerol acyltransferase, or PDAT enZyme) and 
DGA1 (encoding a diacylglycerol acyltransferase, or 
DGAT2 enZyme) (Sandager, L. et al., J. Biol. Chem. 277 
(8):6478-6482 (2002)). Homologs of these genes have been 
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2 
identi?ed in various other organisms and disclosed in the 
public literature, but none of these genes have been isolated 
from oleaginous yeast. Furthermore, techniques for modi 
fying the transfer of fatty acids to the TAG pool in oleagi 
nous yeast have not been developed. Thus, there is a need for 
the identi?cation and isolation of genes encoding acyltrans 
ferases that Will be suitable for use in the production and 
accumulation of PUFAs in the storage lipid pools (i.e., TAG 
fraction) of oleaginous yeast. 

Genera typically identi?ed as oleaginous yeast include, 
but are not limited to: Yarrowia, Candida, Rhodolorula, 
Rhodosporidium, Cryplococcus, Trichosporon and Lipomy 
ces. More speci?cally, illustrative oleaginous yeasts include: 
Rhodosporidium Zoruloides, Lipomyces slarkeyii, L. lipofl 
erus, Candida revkau?, C. pulcherrima, C. Zropicalis, C. 
ulilis, Trichosporon pullans, T culaneum, Rhodolorula 
glulinus, R. graminis and Yarrowia lipolylica (formerly 
classi?ed as Candida lipolylica). These organisms can accu 
mulate oil up to 80% of their dry cell Weight; and, the 
technology for groWing oleaginous yeast With high oil 
content is Well developed (for example, see EP 0 005 277B1; 
Ratledge, C., Prog. Ind. Microbiol. 16:119-206 (1982)). 
Most recently, the natural abilities of oleaginous yeast 
(mostly limited to 18:2 fatty acid production) have been 
enhanced by advances in genetic engineering, leading to the 
production of 20:4 (arachidonic acid), 20:5 (eicosapen 
taenoic acid) and 22:6 (docosahexaenoic acid) PUFAs in 
transformant Yarrowia lipolylica. These 00-3 and 00-6 fatty 
acids Were produced by introducing and expressing heter 
ologous genes encoding the 00-3/00-6 biosynthetic pathWay 
in the oleaginous host (see co-pending U.S. application Ser. 
No. 10/840,579). 

The importance of PUFAs are undisputed. For example, 
certain PUFAs are important biological components of 
healthy cells and are recognized as: “essential” fatty acids 
that cannot be synthesiZed de novo in mammals and instead 
must be obtained either in the diet or derived by further 
desaturation and elongation of linoleic acid (LA) or ot-lino 
lenic acid (ALA); constituents of plasma membranes of 
cells, Where they may be found in such forms as phospho 
lipids or TAGs; necessary for proper development (particu 
larly in the developing infant brain) and for tissue formation 
and repair; and, precursors to several biologically active 
eicosanoids of importance in mammals (e.g., prostacyclins, 
eicosanoids, leukotrienes, prostaglandins). Additionally, a 
high intake of long-chain 00-3 PUFAs produces cardiovas 
cular protective effects (Dyerberg, J. et al., Amer J. Clin 
Nutr. 28:958-966 (1975); Dyerberg, J. et al., Lancet 2(8081): 
117-119 (Jul. 15, 1978); ShimokaWa, H., World Rev Nulr 
Diet, 88:100-108 (2001); von Schacky, C., and Dyerberg, J., 
World Rev Nulr Diet, 88:90-99 (2001)). And, numerous 
other studies document Wide-ranging health bene?ts con 
ferred by administration of 00-3 and/or 00-6 fatty acids 
against a variety of symptoms and diseases (e.g., asthma, 
psoriasis, ecZema, diabetes, cancer). 
PUFAs are generally divided into tWo major classes 

(consisting of the 00-6 and the 00-3 fatty acids) that are 
derived by desaturation and elongation of the essential fatty 
acids, LA and ALA, respectively. Despite a variety of 
commercial sources of PUFAs from natural sources [e.g., 
seeds of evening primrose, borage and black currants; ?la 
mentous fungi (Morlierella), Porphyridium (red alga), ?sh 
oils and marine plankton (Cyclolella, Nilzschia, Cryplheco 
dinium)], there are several disadvantages associated With 
these methods of production (e.g., highly heterogeneous oil 
compositions, accumulation of environmental pollutants, 
uncontrollable ?uctuations in availability due to Weather/ 
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disease, expense at the commercial scale). As a result of 
these limitations, extensive Work has been conducted 
toward: 1.) the development of recombinant sources of 
PUFAs that are easy to produce commercially; and 2.) 
modi?cation of fatty acid biosynthetic pathWays, to enable 
production of desired PUFAs. Advances in the isolation, 
cloning and manipulation of fatty acid desaturase and elon 
gase genes from various organisms have been made over the 
last several years. Knowledge of these gene sequences offers 
the prospect of producing a desired fatty acid and/or fatty 
acid composition in novel host organisms that do not natu 
rally produce PUFAs. 
As described in Picataggio et al. (co-pending US. patent 

application Ser. No. 10/840,579), oleaginous yeast have 
been identi?ed as an appropriate microbial system in Which 
to express PUFA desaturase and elongase genes to enable 
economical production of commercial quantities of one or 
more PUFAs in these particular hosts. To further advance the 
Work described therein toWards the development of an 
oleaginous yeast that accumulates oils enriched in 00-3 
and/or 00-6 fatty acids, hoWever, it is necessary to increase 
the transfer of these PUFAs into storage TAGs (oil), once 
they are synthesized by fatty acid desaturases and elongases. 
Thus, there is a need for the identi?cation and isolation of 
genes encoding acyltransferases that Will be suitable for use 
in the production and accumulation of PUFAs in TAGs. 
Techniques for modifying the transfer of fatty acids to the 
TAG pool in oleaginous yeasts must also be developed. 

Applicants have solved the stated problem by isolating the 
genes encoding PDAT and DGAT2 from the oleaginous 
yeast, Yarrowia lipolylica. These genes Will be useful to 
enable one to modify the transfer of free fatty acids (e.g., 
00-3 and/or 00-6 fatty acids) to the TAG pool in oleaginous 
yeast. 

SUMMARY OF THE INVENTION 

The invention relates to the discover of tWo genes, one 
encoding a phospholipid:diacylglycerol acyltransferase 
enzyme and the other encoding a diacylglycerol acyltrans 
ferase enzyme, from Yarrowia. The genes and encoded 
enzymes are useful in manipulating the production of com 
mercially useful oils in microorganisms, and particularly in 
oleaginous yeasts. Accordingly the invention provides an 
isolated nucleic acid molecule encoding an diacylglycerol 
acyltransferase enzyme, selected from the group consisting 
of: 

(a) an isolated nucleic acid molecule encoding the amino 
acid sequence selected from the group consisting of 
SEQ ID NOs:31, 78 and 79; 

(b) an isolated nucleic acid molecule that hybridizes With 
(a) under the folloWing hybridization conditions: 0.1>< 
SSC, 0.1% SDS, 65° C. and Washed With 2><SSC, 0.1% 
SDS folloWed by 0.1><SSC, 0.1% SDS; or 

(c) an isolated nucleic acid molecule that is completely 
complementary to (a) or (b). 

In another embodiment the invention provides an isolated 
nucleic acid molecule encoding an phospholipid:diacylglyc 
erol acyltransferase enzyme, selected from the group con 
sisting of: 

(a) an isolated nucleic acid molecule encoding the amino 
acid sequence as set forth in SEQ ID NO:46; 

(b) an isolated nucleic acid molecule that hybridizes With 
(a) under the folloWing hybridization conditions: 0.1>< 
SSC, 0.1% SDS, 650 C. and Washed With 2><SSC, 0.1% 
SDS folloWed by 0.1><SSC, 0.1% SDS; or 
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4 
(c) an isolated nucleic acid molecule that is completely 

complementary to (a) or (b). 
Similarly the invention provides polypeptides having dia 

cylglycerol acyltransferase and phospholipid:diacylglycerol 
acyltransferase activity encoded by the isolated nucleic acid 
molecules of the invention as Well as genetic chimera of 
these molecules and host cells comprising the same. 

In one preferred embodiment the invention provides a 
method of increasing triacylglycerol content in a trans 
formed host cell comprising: 

(a) providing a transformed host cell comprising: 
(i) at least one gene encoding an acyltransferase 
enzyme having the amino acid sequence selected 
from the group consisting of SEQ ID NOs:31, 78, 79 
and 46 under the control of suitable regulatory 
sequences; and 

(ii) a source of fatty acids; 
(b) groWing the cell of step (a) under conditions Whereby 

the at least one gene encoding an acyltransferase 
enzyme is expressed, resulting in the transfer of the 
fatty acids to triacylglycerol; and 

(c) optionally recovering the triacylglycerol of step (b). 
In an additional preferred embodiment the invention 

provides a method of increasing the 00-3 or 00-6 fatty acid 
content of triacylglycerols in a transformed host cell com 
prising: 

(a) providing a transformed host cell comprising: 
(i) at least one gene encoding at least one enzyme of the 

00-3/00-6 fatty acid biosynthetic pathWay; 
(ii) at least one gene encoding an acyltransferase 
enzyme having the amino acid sequence selected 
from the group consisting of SEQ ID NOs:31, 78, 79 
and 46 under the control of suitable regulatory 
sequences; 

(b) groWing the cell of step (a) under conditions Whereby 
the genes of (i) and (ii) are expressed, resulting in the 
production of at least one 00-3 or 00-6 fatty acid and its 
transfer to triacylglycerol; and 

(c) optionally recovering the triacylglycerol of step (b). 

BRIEF DESCRIPTION OF THE DRAWINGS 
AND SEQUENCE DESCRIPTIONS 

FIG. 1 shoWs a schematic illustration of the biochemical 
mechanism for lipid accumulation in oleaginous yeast. 

FIG. 2 illustrates the 00-3 and 00-6 fatty acid biosynthetic 
pathWays. 

FIG. 3 illustrates the construction of the plasmid vectors 
pY5 and pY5-13 for gene expression in Yarrowia lipolylica. 

FIG. 4A shoWs a pairWise comparison betWeen various 
yeast and fungal DGAT2 enzymes using a ClustalW analy 
sis. In contrast, FIG. 4B shoWs a pairWise comparison 
betWeen various yeast and fungal PDAT enzymes. 

FIGS. 5A and 5B shoW an alignment of knoWn glyceral 
dehyde-3 -phosphate dehydrogenase (GPD) proteins from 
Saccharomyces cerevisiae (GenBank Accession No. 
CAA24607), Schizosaccharomyces pombe (GenBank 
Accession No. NPi595236), Aspergillus oryzae (GenBank 
Accession No. AAK08065), Paralichlhys olivaceus (Gen 
Bank Accession No. BAA88638), Xenopus laevis (GenBank 
Accession No. P51469) and Gallus gallus (GenBank Acces 
sion No. DECHG3), used to identify tWo conserved regions 
Within the sequence alignment. 
The invention can be more fully understood from the 

folloWing detailed description and the accompanying 
sequence descriptions, Which form a part of this application. 
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The following sequences comply With 37 C.F.R. §1.821 
1.825 (“Requirements for Patent Applications Containing 
Nucleotide Sequences and/ or Amino Acid Sequence Disclo 
suresithe Sequence Rules”) and are consistent With World 
Intellectual Property Organization (WIPO) Standard ST.25 
(1998) and the sequence listing requirements of the EPO and 
PCT (Rules 5.2 and 49.5(a-bis), and Section 208 and Annex 
C of the Administrative Instructions). The symbols and 
format used for nucleotide and amino acid sequence data 
comply With the rules set forth in 37 C.F.R. §1.822. 
SEQ ID NOs:1 and 2 correspond to primers TEF5' and 

TEF3', respectively, used to isolate the TEF promoter. 
SEQ ID NOs:3 and 4 correspond to primers XPR5' and 

XPR3', respectively, used to isolate the XPR2 transcriptional 
terminator. 
SEQ ID NOs:5-16 correspond to primers YL5, YL6, YL9, 

YL10, YL7, YL8, YL3, YL4, YL1, YL2, YL61 and YL62, 
respectively, used for plasmid construction. 
SEQ ID NO:17 corresponds to a 1 kB DNA fragment 

(amino acid sequence provided as SEQ ID NO: 18) contain 
ing the E. coli hygromycin resistance gene. 
SEQ ID NO:19 corresponds to a 1.7 kB DNA fragment 

containing the Yarrowia Ura3 gene (amino acid sequence 
provided as SEQ ID NO:20), Which Was ampli?ed With 
primers KU5 and KU3 (SEQ ID NOs:21 and 22, respec 
tively). 
SEQ ID NOs:23 and 25 are the degenerate primers 

identi?ed as P7 and P8, respectively, used for the isolation 
of a Yarrowia lipolylica DGAT2. 
SEQ ID NOs:24 and 26 are the amino acid consensus 

sequences that correspond to the degenerate primers P7 and 
P8, respectively. 
SEQ ID NOs:27-29 correspond to primers P80, P81 and 

LinkAmp Primer1, respectively, used for chromosome 
Walking. 
SEQ ID NO:30 shoWs a 2119 bp DNA sequence com 

prising an ORF that encodes the I’. lipolylica DGAT2. SEQ 
ID NO:31 is 514 amino acid residues in length and corre 
sponds to nucleotides +291 to +1835 of SEQ ID NO:30; 
SEQ ID NO:78 is 459 amino acid residues in length and 
corresponds to nucleotides +456 to +1835 of SEQ ID 
NO:30; and, SEQ ID NO:79 is 355 amino acid residues in 
length and corresponds to nucleotides +768 to +1835 of SEQ 
ID NO:30, as set forth in SEQ ID NO:86. 
SEQ ID NOs:32-35 correspond to primers P95, P96, P97 

and P98, respectively, used for targeted disruption of the I’. 
lipolylica DGAT2 gene. 
SEQ ID NOs:36-38 correspond to primers P115, P116 and 

P112, respectively, used to screen for targeted integration of 
the disrupted I’. lipolylica DGAT2 gene. 
SEQ ID NOs:39 and 41 are the degenerate primers 

identi?ed as P26 and P27, respectively, used for the isolation 
of the I’. lipolylica PDAT. 
SEQ ID NOs:40 and 42 are the amino acid consensus 

sequences that correspond to degenerate primers P26 and 
P27, respectively. 
SEQ ID NOs:43 and 44 correspond to primers P39 and 

P42, respectively, used to amplify a 1008 bp portion of the 
I’. lipolylica PDAT gene. 
SEQ ID NO:45 shoWs a DNA sequence that encodes the 

I’. lipolylica PDAT (ORF:nucleotides +274 to +2217), While 
SEQ ID NO:46 shoWs the corresponding amino acid 
sequence of PDAT. 
SEQ ID NOs:47 and 48 correspond to primers P41 and 

P40, respectively, used for targeted disruption of the I’. 
lipolylica PDAT gene. 
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SEQ ID NOs:49-52 correspond to primers P51, P52, P37 

and P38, respectively, used to screen for targeted integration 
of the disrupted I’. lipolylica PDAT gene. 
SEQ ID NO:53 corresponds to primer P79, used to 

amplify the full-length I’. lipolylica DGAT2 gene from 
rescued plasmids. 
SEQ ID NOs:54 and 55 correspond to primers P84 and 

P85, respectively, used to amplify the full-length I’. lipoly 
Zica PDAT gene from rescued plasmids. 
SEQ ID NO:56 corresponds to a 971 bp fragment desig 

nated as “GPDPro”, and identi?ed as the putative glyceral 
dehyde-3-phosphate dehydrogenase (GPD) promoter in I’. 
lipolylica. 
SEQ ID NOs:57-62 correspond to the GPD amino acid 

sequences of Saccharomyces cerevisiae (GenBank Acces 
sion No. CAA24607), Schizosaccharomyces pombe (Gen 
Bank Accession No. NPi595236), Aspergillus oryzae (Gen 
Bank Accession No. AAK08065), Paralichlhys olivaceus 
(GenBank Accession No. BAA88638), Xenopus laevis 
(GenBank Accession No. P51469) and Gallus gallus (Gen 
Bank Accession No. DECHG3), respectively. 
SEQ ID NOs:63 and 64 correspond to conserved amino 

acid regions of the GPD protein. 
SEQ ID NOs:65 and 66 correspond to the degenerate 

primers YL193 and YL194, respectively, used for isolating 
an internal portion of the I’. lipolylica GPD gene. 
SEQ ID NO:67 encodes a 507 bp internal portion of the 

I’. lipolylica GPD gene, While SEQ ID NO:68 is the corre 
sponding amino acid sequence. 
SEQ ID NOs:69-71 correspond to primers YL206, YL207 

and YL208, respectively, used for chromosome Walking. 
SEQ ID NO:72 corresponds to a 1848 bp fragment 

designated as “GPDP”, comprising 1525 bp upstream of the 
GPD gene and an additional 323 bp representing a 5' portion 
of the GPD gene in I’. lipolylica. 
SEQ ID NOs:73 and 74 correspond to primers P145 and 

P146, respectively, used to amplify the full-length I’. lipoly 
Zica DGAT2 gene. 
SEQ ID NOs:75 and 76 correspond to primers YPDAT5 

and YPDAT3, respectively, used to amplify the full-length I’. 
lipolylica PDAT gene. 
SEQ ID NO:77 corresponds to primer LinkAmp primer 2, 

used for chromosome Walking. 
SEQ ID NOs:80 and 81 correspond to primers GPD-1 and 

GPD-2, respectively, used to amplify the S. cerevisiae glyc 
eraldehyde-3-phosphate dehydrogenase (GPD) promoter. 
SEQ ID NOs:82 and 83 correspond to primers ADHT-l 

and ADHT-2, respectively, used to amplify the S. cerevisiae 
alcohol dehydrogenase (ADH1) terminator. 
SEQ ID NOs:84 and 85 correspond to primers UP 161 and 

LP 162, respectively, used to create a S. cerevisiae LRO 1 
targeting cassette. 

DETAILED DESCRIPTION OF THE 
INVENTION 

In accordance With the subject invention, Applicants have 
isolated and con?rmed the identity of Yarrowia lipolylica 
genes encoding phospholipidzdiacylglycerol acyltransferase 
(PDAT) and diacylglycerol acyltransferase (DGAT2) 
enZymes useful for transferring fatty acids into storage 
triacylglycerols (TAGs). This may be useful to alter the 
quantity of long chain polyunsaturated fatty acids (PUFAs) 
produced in oleaginous yeasts. 

The subject invention ?nds many applications. PUFAs, or 
derivatives thereof, accumulated by the methodology dis 
closed herein can be used as dietary substitutes, or supple 
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ments, particularly infant formulas, for patients undergoing 
intravenous feeding or for preventing or treating malnutri 
tion. Alternatively, the puri?ed PUFAs (or derivatives 
thereof) may be incorporated into cooking oils, fats or 
margarines formulated so that in normal use the recipient 
Would receive the desired amount for dietary supplementa 
tion. The PUFAs may also be incorporated into infant 
formulas, nutritional supplements or other food products and 
may ?nd use as anti-in?ammatory or cholesterol loWering 
agents. Optionally, the compositions may be used for phar 
maceutical use (human or veterinary). In this case, the 
PUFAs are generally administered orally but can be admin 
istered by any route by Which they may be successfully 
absorbed, e.g., parenterally (e.g., subcutaneously, intramus 
cularly or intravenously), rectally, vaginally or topically 
(e.g., as a skin ointment or lotion). 

Supplementation of humans or animals With PUFAs pro 
duced by recombinant means can result in increased levels 
of the added PUFAs, as Well as their metabolic progeny. For 
example, treatment With arachidonic (ARA) can result not 
only in increased levels of ARA, but also doWnstream 
products of ARA such as prostaglandins. Complex regula 
tory mechanisms can make it desirable to combine various 
PUFAs, or add different conjugates of PUFAs, in order to 
prevent, control or overcome such mechanisms to achieve 
the desired levels of speci?c PUFAs in an individual. 

De?nitions 
In this disclosure, a number of terms and abbreviations are 

used. 

The folloWing de?nitions are provided. 
“Open reading frame” is abbreviated ORF. 
“Polymerase chain reaction” is abbreviated PCR. 
“American Type Culture Collection” is abbreviated 

ATCC. 
“Polyunsaturated fatty acid(s)” is abbreviated PUFA(s). 
“Phospholipid:diacylglycerol acyltransferase” is abbrevi 

ated PDAT. 
“Diacylglycerol acyltransferase” is abbreviated DGAT. 
“Diacylglycerol” is abbreviated DAG. 
“Triacylglycerols” are abbreviated TAGs. 
“Co-enzyme A” is abbreviated CoA. 
The term “fatty acids” refers to long chain aliphatic acids 

(alkanoic acids) of varying chain length, from about Cl2 to 
C22 (although both longer and shorter chain-length acids are 
knoWn). The predominant chain lengths are betWeen C16 and 
C22. The structure of a fatty acid is represented by a simple 
notation system of “X:Y”, Where X is the total number of 
carbon (C) atoms in the particular fatty acid and Y is the 
number of double bonds. 

Generally, fatty acids are classi?ed as saturated or unsat 
urated. The term “saturated fatty acids” refers to those fatty 
acids that have no “double bonds” betWeen their carbon 
backbone. In contrast, “unsaturated fatty acids” have 
“double bonds” along their carbon backbones (Which are 
most commonly in the cis-con?guration). “Monounsat 
urated fatty acids” have only one “double bond” along the 
carbon backbone (e.g., usually betWeen the 9th and 10”’ 
carbon atom as for palmitoleic acid (16:1) and oleic acid 
(18:1)), While “polyunsaturated fatty acids” (or “PUFAs”) 
have at least tWo double bonds along the carbon backbone 
(e.g., betWeen the 9th and 10th, and 12th and 13”’ carbon 
atoms for linoleic acid (18:2); and betWeen the 9th and 10th, 
12th and 13th, and 15th and 16th for ot-linolenic acid (18:3)). 
“PUFAs” can be classi?ed into tWo major families (de 

pending on the position (n) of the ?rst double bond nearest 
the methyl end of the fatty acid carbon chain). Thus, the 
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8 
“omega-6 fatty acids” (00-6 or n-6) have the ?rst unsaturated 
double bond six carbon atoms from the omega (methyl) end 
of the molecule and additionally have a total of tWo or more 
double bonds, With each subsequent unsaturation occurring 
3 additional carbon atoms toWard the carboxyl end of the 
molecule. In contrast, the “omega-3 fatty acids” (00-3 or n-3) 
have the ?rst unsaturated double bond three carbon atoms 
aWay from the omega end of the molecule and additionally 
have a total of three or more double bonds, With each 
subsequent unsaturation occuring 3 additional carbon atoms 
toWard the carboxyl end of the molecule. 

For the purposes of the present disclosure, the omega 
reference system Will be used to indicate the number of 
carbons, the number of double bonds and the position of the 
double bond closest to the omega carbon, counting from the 
omega carbon (Which is numbered 1 for this purpose). This 
nomenclature is shoWn beloW in Table 1, in the column titled 
“Shorthand Notation”. The remainder of the Table summa 
riZes the common names of 00-3 and 00-6 fatty acids, the 
abbreviations that Will be used throughout the speci?cation 
and each compounds’ chemical name. 

TABLE 1 

Nomenclature Of Polyunsaturated Fatty Acids 

shorthand 
Common Name Abbreviation Chemical Name Notation 

Linoleic LA cis—9,12—octadecadienoic 18:2 03-6 
y-Linoleic GLA cis—6,9,12— 18:3 03-6 

octadecatrienoic 
Dihomo-y- DGLA cis—8,11,14— 20:3 03-6 
Linoleic eicosatrienoic 
Arachidonic ARA cis—5,8,11,14— 20:4 03-6 

eicosatetraenoic 
ot-Linolenic ALA cis-9,12,15— 18:3 03-3 

octadecatrienoic 
Stearidonic STA cis—6,9,12,15— 18:4 03-3 

octadecatetraenoic 
Eicosatetraenoic ETA cis—8,11,14,17— 20 :4 03-3 

eicosatetraenoic 
Eicosapentaenoic EPA cis—5,8,11,14,17— 20:5 03-3 

eicosapentaenoic 
Docosapentaenoic DPA cis—7,10,13,16,19— 22:5 03-3 

docosapentaenoic 
Docosahexaenoic DHA cis—4,7,10,13,16,19— 22:6 03-3 

docosahexaenoic 

“Microbial oils” or “single cell oils” are those oils natu 
rally produced by microorganisms (e.g., algae, oleaginous 
yeasts and ?lamentous fungi) during their lifespan. The term 
“oil” refers to a lipid substance that is liquid at 25° C. and 
usually polyunsaturated. In contrast, the term “fat” refers to 
a lipid substance that is solid at 25° C. and usually saturated. 

“Lipid bodies” refer to lipid droplets that usually are 
bounded by speci?c proteins and a monolayer of phospho 
lipid. These organelles are sites Where most organisms 
transport/store neutral lipids. Lipid bodies are thought to 
arise from microdomains of the endoplasmic reticulum that 
contain TAG-biosynthesis enzymes; and, their synthesis and 
siZe appear to be controlled by speci?c protein components. 

“Neutral lipids” refer to those lipids commonly found in 
cells in lipid bodies as storage fats and oils and are so called 
because at cellular pH, the lipids bear no charged groups. 
Generally, they are completely non-polar With no affinity for 
Water. Neutral lipids generally refer to mono-, di-, and/or 
triesters of glycerol With fatty acids, also called monoacylg 
lycerol, diacylglycerol or TAG, respectively (or collectively, 
acylglycerols). A hydolysis reaction must occur to release 
free fatty acids from acylglycerols. 
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The terms “triacylglycerol”, “oil” and “TAGs” refer to 
neutral lipids composed of three fatty acyl residues esteri?ed 
to a glycerol molecule (and such terms Will be used inter 
changeably throughout the present disclosure herein). Such 
oils can contain long chain PUFAs, as Well as shorter 
saturated and unsaturated fatty acids and longer chain satu 
rated fatty acids. Thus, “oil biosynthesis” generically refers 
to the synthesis of TAGs in the cell. 

The term “DAG AT” refers to a diacylglycerol acyltrans 
ferase (also knoWn as an acyl-CoA-diacylglycerol acyltrans 
ferase or a diacylglycerol O-acyltransferase) (EC 2.3.1.20). 
This enzyme is responsible for the conversion of acyl-CoA 
and 1,2-diacylglycerol to TAG and CoA (thereby involved in 
the terminal step of TAG biosynthesis). TWo families of 
DAG AT enzymes exist: DGAT1 and DGAT2. The former 
family shares homology With the acyl-CoA:cholesterol acyl 
transferase (ACAT) gene family, While the latter family is 
unrelated (Lardizabal et al., J. Biol. Chem. 276(42):38862 
28869 (2001)). Arepresentative DGAT2 enzyme is encoded 
by the DGA1 gene of Saccharomyces cerevisiae (locus 
NPi014888 of Genbank Accession No. NCi001147; Oelk 
ers et. al. J. Biol. Chem. 277:8877 (2002)); a gene encoding 
DGAT2 isolated from Yarrowia lipolylica is provided as 
SEQ ID NO:30. 
The term “PDAT” refers to a phospholipid:diacylglycerol 

acyltransferase enzyme (EC 2.3.1.158). This enzyme is 
responsible for the transfer of an acyl group from the sn-2 
position of a phospholipid to the sn-3 position of 1,2 
diacylglycerol, thus resulting in lysophospholipid and TAG 
(thereby involved in the terminal step of TAG biosynthesis). 
This enzyme differs from DGAT (EC 2.3.1.20) by synthe 
sizing TAG via an acyl-CoA-independent mechanism. A 
representative PDAT enzyme is encoded by the LRO1 gene 
in Saccharomyces cerevisiae (Dahlqvist et al., Proc. Natl. 
Acad. Sci. USA 97:6487 (2000)); a gene encoding PDAT 
isolated from Yarrowia lipolylica is provided as SEQ ID 
NO:45. 

The term “PUFA biosynthetic pathWay enzyme” refers to 
any of the folloWing enzymes (and genes Which encode said 
enzymes) associated With the biosynthesis of a PUFA 
including: a A4 desaturase, a A5 desaturase, a A6 desaturase, 
a A12 desaturase, a A15 desaturase, a A17 desaturase, a A9 
desaturase, a A8 desaturase and/or an elongase. 

The term “00-3/00-6 fatty biosynthetic pathWay” refers to 
genes encoding the enzymatic pathWay as illustrated in FIG. 
2, providing for the conversion of oleic acid through various 
intermediates to DHA. 

The term “desaturase” refers to a polypeptide that can 
desaturate, i.e., introduce a double bond, in one or more fatty 
acids to produce a mono- or polyunsaturated fatty acid. 
Despite use of the omega-reference system throughout the 
speci?cation in reference to speci?c fatty acids, it is more 
convenient to indicate the activity of a desaturase by count 
ing from the carboxyl end of the substrate using the delta 
system. Of particular interest herein are: A12 desaturases 
that desaturate a fatty acid betWeen the 12th and 13”’ carbon 
atoms numbered from the carboxyl-terminal end of the 
molecule and that catalyze the conversion of oleic acid to 
LA; A15 desaturases that catalyze the conversion of LA to 
ALA; A17 desaturases that catalyze the conversion of ARA 
to EPA and/or DGLA to ETA; A6 desaturases that catalyze 
the conversion of LA to GLA and/or ALA to STA; A5 
desaturases that catalyze the conversion of DGLA to ARA 
and/or ETA to EPA; A4 desaturases that catalyze the con 
version of DPA to DHA; A8 desaturases that catalyze the 
conversion of eicosadienoic acid (EDA; C20:2) to DGLA 
and/or eicosatrienoic acid (ETrA; C20:3) to ETA; and A9 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
desaturases that catalyze the conversion of palmitate to 
palmitoleic acid (16:1) and/or stearate to oleic acid (18:1). 
The term “elongase” refers to a polypeptide that can 

elongate a fatty acid carbon chain to produce an acid that is 
2 carbons longer than the fatty acid substrate that the 
elongase acts upon. This process of elongation occurs in a 
multi-step mechanism in association With fatty acid syn 
thase, Whereby CoA is the acyl carrier (Lassner et al., The 
Plant Cell 8:281-292 (1996)). Brie?y, malonyl-CoA is con 
densed With a long-chain acyl-CoA to yield CO2 and a 
[3-ketoacyl-CoA (Where the acyl moiety has been elongated 
by tWo carbon atoms). Subsequent reactions include reduc 
tion to [3-hydroxyacyl-CoA, dehydration to an enoyl-CoA 
and a second reduction to yield the elongated acyl-CoA. 
Examples of reactions catalyzed by elongases are the con 
version of GLA to DGLA, STA to ETA, and EPA to DPA. 
Accordingly, elongases can have different speci?cities. For 
example, a CWl8 elongase Will prefer a C16 substrate, a 
Cls/2O elongase Will prefer a C18 substrate and a C2O/22 
elongase Will prefer a C20 substrate. In like manner, a A9 
elongase is able to catalyze the conversion of LA and ALA 
to eicosadienoic acid (EDA; C20:2) and eicosatrienoic acid 
(ETrA; C20:3), respectively. 
The terms “conversion ef?ciency” and “percent substrate 

conversion” refer to the ef?ciency by Which a particular 
enzyme (e.g., a desaturase or elongase) can convert substrate 
to product. The conversion ef?ciency is measured according 
to the folloWing formula: ([product]/[substrate+product]) 
*100, Where ‘product’ includes the immediate product and 
all products in the pathWay derived from it. 
The term “oleaginous” refers to those organisms that have 

the ability to store their energy source in the form of TAGs 
(Weete, In: Fungal Lipid Biochemistry, 2'” ed., Plenum, 
1980). Generally, the cellular oil content of these microor 
ganisms folloWs a sigmoid curve, Wherein the concentration 
of lipid increases until it reaches a maximum at the late 
logarithmic or early stationary groWth phase and then gradu 
ally decreases during the late stationary and death phases 
(Yongmanitchai and Ward, Appl. Environ. Microbiol. 
57:419-25 (1991)). 
The term “oleaginous yeast” refers to those microorgan 

isms classi?ed as yeasts that can accumulate at least 25% of 
their dry cell Weight as oil. Examples of oleaginous yeast 
include, but are no means limited to, the folloWing genera: 
Yarrowia, Candida, Rhodolorula, Rhodosporidium, Crypto 
coccus, Trichosporon and Lipomyces. 
The term “fermentable carbon substrate” means a carbon 

source that a microorganism Will metabolize to derive 
energy. Typical carbon substrates of the invention include, 
but are not limited to: monosaccharides, oligosaccharides, 
polysaccharides, alkanes, fatty acids, esters of fatty acids, 
monoglycerides, carbon dioxide, methanol, formaldehyde, 
formate and carbon-containing amines. 
As used herein, an “isolated nucleic acid fragment” is a 

polymer of RNA or DNA that is single- or double-stranded, 
optionally containing synthetic, non-natural or altered nucle 
otide bases. An isolated nucleic acid fragment in the form of 
a polymer of DNA may be comprised of one or more 
segments of cDNA, genomic DNA or synthetic DNA. 
A nucleic acid molecule is “hybridizable” to another 

nucleic acid molecule, such as a cDNA, genomic DNA, or 
RNA molecule, When a single-stranded form of the nucleic 
acid molecule can anneal to the other nucleic acid molecule 
under the appropriate conditions of temperature and solution 
ionic strength. Hybridization and Washing conditions are 
Well knoWn and exempli?ed in Sambrook, 1., Fritsch, E. F. 
and Maniatis, T. Molecular Cloning: A Laboratory Manual, 
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2”“ ed., Cold Spring Harbor Laboratory: Cold Spring Har 
bor, N.Y. (1989), particularly Chapter 11 and Table 11.1 
therein (entirely incorporated herein by reference). The 
conditions of temperature and ionic strength determine the 
“stringency” of the hybridization. Stringency conditions can 
be adjusted to screen for moderately similar fragments (such 
as homologous sequences from distantly related organisms), 
to highly similar fragments (such as genes that duplicate 
functional enzymes from closely related organisms). Post 
hybridization Washes determine stringency conditions. One 
set of preferred conditions uses a series of Washes starting 
With 6><SSC, 0.5% SDS at room temperature for 15 min, 
then repeated With 2><SSC, 0.5% SDS at 45° C. for 30 min, 
and then repeated tWice With 0.2><SSC, 0.5% SDS at 50° C. 
for 30 min. A more preferred set of stringent conditions uses 
higher temperatures in Which the Washes are identical to 
those above except for the temperature of the ?nal tWo 30 
min Washes in 0.2><SSC, 0.5% SDS Was increased to 60° C. 
Another preferred set of highly stringent conditions uses tWo 
?nal Washes in 0.1><SSC, 0.1% SDS at 65° C. An additional 
set of stringent conditions include hybridization at 0.1><SSC, 
0.1% SDS, 650 C. and Washed With 2><SSC, 0.1% SDS 
folloWed by 0.1><SSC, 0.1% SDS, for example. 

Hybridization requires that the tWo nucleic acids contain 
complementary sequences, although depending on the strin 
gency of the hybridization, mismatches betWeen bases are 
possible. The appropriate stringency for hybridizing nucleic 
acids depends on the length of the nucleic acids and the 
degree of complementation, variables Well knoWn in the art. 
The greater the degree of similarity or homology betWeen 
tWo nucleotide sequences, the greater the value of Tm for 
hybrids of nucleic acids having those sequences. The rela 
tive stability (corresponding to higher Tm) of nucleic acid 
hybridizations decreases in the folloWing order: RNA:RNA, 
DNA:RNA, DNA:DNA. For hybrids of greater than 100 
nucleotides in length, equations for calculating Tm have 
been derived (see Sambrook et al., supra, 9.50-9.51). For 
hybridizations With shorter nucleic acids, i.e., oligonucle 
otides, the position of mismatches becomes more important, 
and the length of the oligonucleotide determines its speci 
?city (see Sambrook et al., supra, 11.7-11.8). In one embodi 
ment the length for a hybridizable nucleic acid is at least 
about 10 nucleotides. Preferably a minimum length for a 
hybridizable nucleic acid is at least about 15 nucleotides; 
more preferably at least about 20 nucleotides; and most 
preferably the length is at least about 30 nucleotides. Fur 
thermore, the skilled artisan Will recognize that the tempera 
ture and Wash solution salt concentration may be adjusted as 
necessary according to factors such as length of the probe. 
A “substantial portion” of an amino acid or nucleotide 

sequence is that portion comprising enough of the amino 
acid sequence of a polypeptide or the nucleotide sequence of 
a gene to putatively identify that polypeptide or gene, either 
by manual evaluation of the sequence by one skilled in the 
art, or by computer-automated sequence comparison and 
identi?cation using algorithms such as BLAST (Basic Local 
Alignment Search Tool; Altschul, S. F., et al., J. Mol. Biol. 
215:403410 (1993). In general, a sequence of ten or more 
contiguous amino acids or thirty or more nucleotides is 
necessary in order to putatively identify a polypeptide or 
nucleic acid sequence as homologous to a knoWn protein or 
gene. Moreover, With respect to nucleotide sequences, gene 
speci?c oligonucleotide probes comprising 20-30 contigu 
ous nucleotides may be used in sequence-dependent meth 
ods of gene identi?cation (e.g., Southern hybridization) and 
isolation (e.g., in situ hybridization of bacterial colonies or 
bacteriophage plaques). In addition, short oligonucleotides 
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12 
of 12-15 bases may be used as ampli?cation primers in PCR 
in order to obtain a particular nucleic acid fragment com 
prising the primers. Accordingly, a “substantial portion” of 
a nucleotide sequence comprises enough of the sequence to 
speci?cally identify and/or isolate a nucleic acid fragment 
comprising the sequence. The instant speci?cation teaches 
partial or complete amino acid and nucleotide sequences 
encoding one or more particular yeast proteins. The skilled 
artisan, having the bene?t of the sequences as reported 
herein, may noW use all or a substantial portion of the 
disclosed sequences for purposes knoWn to those skilled in 
this art. Accordingly, the instant invention comprises the 
complete sequences as reported in the accompanying 
Sequence Listing, as Well as substantial portions of those 
sequences as de?ned above. 
The term “complementary” is used to describe the rela 

tionship betWeen nucleotide bases that are capable of 
hybridizing to one another. For example, With respect to 
DNA, adenosine is complementary to thymine and cytosine 
is complementary to guanine. Accordingly, the instant 
invention also includes isolated nucleic acid fragments that 
are complementary to the complete sequences as reported in 
the accompanying Sequence Listing, as Well as those sub 
stantially similar nucleic acid sequences. 
The term “percent identity”, as knoWn in the art, is a 

relationship betWeen tWo or more polypeptide sequences or 
tWo or more polynucleotide sequences, as determined by 
comparing the sequences. In the art, “identity” also means 
the degree of sequence relatedness betWeen polypeptide or 
polynucleotide sequences, as the case may be, as determined 
by the match betWeen strings of such sequences. “Identity” 
and “similarity” can be readily calculated by knoWn meth 
ods, including but not limited to those described in: 1.) 
Computational Molecular Biology (Lesk, A. M., Ed.) 
Oxford University: N.Y. (1988); 2.) Biocompuling: Infor 
malics and Genome Proiecls (Smith, D. W., Ed.) Academic: 
N.Y. (1993); 3.) Computer Analysis ofSequence Data, Part 
I (Grif?n, A. M., and Griffin, H. G., Eds.) Humania: N]. 
(1994); 4.) Sequence Analysis in Molecular Biology (von 
Heinje, G., Ed.) Academic (1987); and 5.) Sequence Analy 
sis Primer (Gribskov, M. and Devereux, 1., Eds.) Stockton: 
N.Y. (1991). Preferred methods to determine identity are 
designed to give the best match betWeen the sequences 
tested. Methods to determine identity and similarity are 
codi?ed in publicly available computer programs. Sequence 
alignments and percent identity calculations may be per 
formed using the Megalign program of the LASERGENE 
bioinformatics computing suite (DNASTAR Inc., Madison, 
Wis.). Multiple alignment of the sequences is performed 
using the Clustal method of alignment (Higgins and Sharp, 
CABIOS. 5:151-153 (1989)) With default parameters (GAP 
PENALTYIlO, GAP LENGTH PENALTYIlO). Default 
parameters for pairWise alignments using the Clustal method 
are: KTUPLE 1, GAP PENALTYI3, WINDOWI5 and 
DIAGONALS SAVED:5. 

Suitable nucleic acid fragments (isolated polynucleotides 
of the present invention) encode polypeptides that are at 
least about 70% identical, preferably at least about 75% 
identical, and more preferably at least about 80% identical 
to the amino acid sequences reported herein. Preferred 
nucleic acid fragments encode amino acid sequences that are 
about 85% identical to the amino acid sequences reported 
herein. More preferred nucleic acid fragments encode amino 
acid sequences that are at least about 90% identical to the 
amino acid sequences reported herein. Most preferred are 
nucleic acid fragments that encode amino acid sequences 
that are at least about 95% identical to the amino acid 
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sequences reported herein. Suitable nucleic acid fragments 
not only have the above homologies but typically encode a 
polypeptide having at least 50 amino acids, preferably at 
least 100 amino acids, more preferably at least 150 amino 
acids, still more preferably at least 200 amino acids, and 
most preferably at least 250 amino acids. 

The term “sequence analysis softWare” refers to any 
computer algorithm or softWare program that is useful for 
the analysis of nucleotide or amino acid sequences. 
“Sequence analysis softWare” may be commercially avail 
able or independently developed. Typical sequence analysis 
softWare Will include, but is not limited to: 1.) the GCG suite 
of programs (Wisconsin Package Version 9.0, Genetics 
Computer Group (GCG), Madison, Wis.); 2.) BLASTP, 
BLASTN, BLASTX (Altschul et al., J. Mol. Biol. 2151403 
410 (1990)); 3.) DNASTAR (DNASTAR, Inc. Madison, 
Wis.); 4.) Sequencher (Gene Codes Corporation, AnnArbor, 
Mich.); and 5.) the FASTA program incorporating the Smith 
Waterman algorithm (W. R. Pearson, Compul. Methods 
Genome Res., [Proc. Int. Symp.] (1994), Meeting Date 1992, 
111-20. Editor(s): Suhai, Sandor. Plenum: NeW York, N.Y.). 
Within the context of this application it Will be understood 
that Where sequence analysis softWare is used for analysis, 
that the results of the analysis Will be based on the “default 
values” of the program referenced, unless otherWise speci 
?ed. As used herein “default values” Will mean any set of 
values or parameters that originally load With the softWare 
When ?rst initialiZed. 

“Codon degeneracy” refers to the nature in the genetic 
code permitting variation of the nucleotide sequence without 
affecting the amino acid sequence of an encoded polypep 
tide. The skilled artisan is Well aWare of the "codon-bias” 
exhibited by a speci?c host cell in usage of nucleotide 
codons to specify a given amino acid. Therefore, When 
synthesiZing a gene for improved expression in a host cell, 
it is desirable to design the gene such that its frequency of 
codon usage approaches the frequency of preferred codon 
usage of the host cell. 

The term “codon-optimized”, as it refers to genes or 
coding regions of nucleic acid molecules, refers to modi? 
cation of codons such that the altered codons re?ect the 
typical codon usage of the host organism Without altering the 
polypeptide for Which the DNA codes. 

“Synthetic genes” can be assembled from oligonucleotide 
building blocks that are chemically synthesiZed using pro 
cedures knoWn to those skilled in the art. These building 
blocks are ligated and annealed to form gene segments that 
are then enZymatically assembled to construct the entire 
gene. Accordingly, the genes can be tailored for optimal 
gene expression based on optimization of nucleotide 
sequence to re?ect the codon bias of the host cell. The 
skilled artisan appreciates the likelihood of successful gene 
expression if codon usage is biased toWards those codons 
favored by the host. Determination of preferred codons can 
be based on a survey of genes derived from the host cell, 
Where sequence information is available. 

“Gene” refers to a nucleic acid fragment that expresses a 
speci?c protein, including regulatory sequences preceding 
(5' non-coding sequences) and folloWing (3' non-coding 
sequences) the coding sequence. “Native gene” refers to a 
gene as found in nature With its oWn regulatory sequences. 
“Chimeric gene” refers to any gene that is not a native gene, 
comprising regulatory and coding sequences that are not 
found together in nature. Accordingly, a chimeric gene may 
comprise regulatory sequences and coding sequences that 
are derived from different sources, or regulatory sequences 
and coding sequences derived from the same source, but 
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14 
arranged in a manner different than that found in nature. 
“Endogenous gene” refers to a native gene in its natural 
location in the genome of an organism. A “foreign” gene 
refers to a gene not normally found in the host organism, but 
that is introduced into the host organism by gene transfer. 
Foreign genes can comprise native genes inserted into a 
non-native organism, or chimeric genes. A “transgene” is a 
gene that has been introduced into the genome by a trans 
formation procedure. A “codon-optimiZed gene” is a gene 
having its frequency of codon usage designed to mimic the 
frequency of preferred codon usage of the host cell. 

“Coding sequence” refers to a DNA sequence that codes 
for a speci?c amino acid sequence. “Suitable regulatory 
sequences” refer to nucleotide sequences located upstream 
(5' non-coding sequences), Within, or doWnstream (3' non 
coding sequences) of a coding sequence, and Which in?u 
ence the transcription, RNA processing or stability, or trans 
lation of the associated coding sequence. Regulatory 
sequences may include promoters, translation leader 
sequences, introns, polyadenylation recognition sequences, 
RNA processing sites, e?fector binding sites and stem-loop 
structures. “Promoter” refers to a DNA sequence capable of 
controlling the expression of a coding sequence or func 
tional RNA. In general, a coding sequence is located 3' to a 
promoter sequence. Promoters may be derived in their 
entirety from a native gene, or be composed of different 
elements derived from different promoters found in nature, 
or even comprise synthetic DNA segments. It is understood 
by those skilled in the art that different promoters may direct 
the expression of a gene in different tissues or cell types, or 
at different stages of development, or in response to different 
environmental or physiological conditions. Promoters that 
cause a gene to be expressed in most cell types at most times 
are commonly referred to as “constitutive promoters”. It is 
further recognized that since in most cases the exact bound 
aries of regulatory sequences have not been completely 
de?ned, DNA fragments of different lengths may have 
identical promoter activity. 
The term “3' non-coding sequences” or “transcription 

terminator” refers to DNA sequences located doWnstream of 
a coding sequence. This includes polyadenylation recogni 
tion sequences and other sequences encoding regulatory 
signals capable of affecting mRNA processing or gene 
expression. The polyadenylation signal is usually character 
iZed by affecting the addition of polyadenylic acid tracts to 
the 3' end of the mRNA precursor. The 3' region can 
in?uence the transcription, RNA processing or stability, or 
translation of the associated coding sequence. 
“RNA transcript” refers to the product resulting from 

RNA polymerase-catalyzed transcription of a DNA 
sequence. When the RNA transcript is a perfect comple 
mentary copy of the DNA sequence, it is referred to as the 
primary transcript or it may be a RNA sequence derived 
from post-transcriptional processing of the primary tran 
script and is referred to as the mature RNA. “Messenger 
RN ” or “mRN ” refers to the RNA that is Without introns 

and that can be translated into protein by the cell. “cDNA” 
refers to a double-stranded DNA that is complementary to, 
and derived from, mRNA. “Sense” RNA refers to RNA 
transcript that includes the mRNA and so can be translated 
into protein by the cell. “Antisense RN ” refers to a RNA 
transcript that is complementary to all or part of a target 
primary transcript or mRNA and that blocks the expression 
ofa target gene (US. Pat. No. 5,107,065; WO 99/28508). 
The complementarity of an antisense RNA may be With any 
part of the speci?c gene transcript, i.e., at the 5' non-coding 
sequence, 3' non-coding sequence, or the coding sequence. 
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“Functional RNA” refers to antisense RNA, riboZyme RNA, 
or other RNA that is not translated and yet has an effect on 
cellular processes. 

The term “operably linked” refers to the association of 
nucleic acid sequences on a single nucleic acid fragment so 
that the function of one is affected by the other. For example, 
a promoter is operably linked With a coding sequence When 
it is capable of affecting the expression of that coding 
sequence (i.e., the coding sequence is under the transcrip 
tional control of the promoter). Coding sequences can be 
operably linked to regulatory sequences in sense or antisense 
orientation. 

The term “expression”, as used herein, refers to the 
transcription and stable accumulation of sense (mRNA) or 
antisense RNA derived from the nucleic acid fragment(s) of 
the invention. Expression may also refer to translation of 
mRNA into a polypeptide. 

“Transformation” refers to the transfer of a nucleic acid 
molecule into a host organism, resulting in genetically stable 
inheritance. The nucleic acid molecule may be a plasmid 
that replicates autonomously, for example; or, it may inte 
grate into the genome of the host organism. Host organisms 
containing the transformed nucleic acid fragments are 
referred to as “transgenic” or “recombinant” or “trans 
formed” organisms. 

The terms “plasmid”, “vector” and “cassette” refer to an 
extra chromosomal element often carrying genes that are not 
part of the central metabolism of the cell, and usually in the 
form of circular double-stranded DNA fragments. Such 
elements may be autonomously replicating sequences, 
genome integrating sequences, phage or nucleotide 
sequences, linear or circular, of a single- or double-stranded 
DNA or RNA, derived from any source, in Which a number 
of nucleotide sequences have been joined or recombined 
into a unique construction Which is capable of introducing a 
promoter fragment and DNA sequence for a selected gene 
product along With appropriate 3' untranslated sequence into 
a cell. “Transformation cassette” refers to a speci?c vector 
containing a foreign gene(s) and having elements in addition 
to the foreign gene(s) that facilitate transformation of a 
particular host cell. “Expression cassette” refers to a speci?c 
vector containing a foreign gene(s) and having elements in 
addition to the foreign gene(s) that alloW for enhanced 
expression of that gene in a foreign host. 

The term “homologous recombination” refers to the 
exchange of DNA fragments betWeen tWo DNA molecules 
(during cross over). The fragments that are exchanged are 
?anked by sites of identical nucleotide sequences betWeen 
the tWo DNA molecules (i.e., “regions of homology”). The 
term “regions of homology” refer to stretches of nucleotide 
sequence on nucleic acid fragments that participate in 
homologous recombination that have homology to each 
other. E?fective homologous recombination Will take place 
Where these regions of homology are at least about 10 bp in 
length Where at least about 50 bp in length is preferred. 
Typically fragments that are intended for recombination 
contain at least tWo regions of homology Where targeted 
gene disruption or replacement is desired. 

Standard recombinant DNA and molecular cloning tech 
niques used herein are Well knoWn in the art and are 
described by Sambrook, 1., Fritsch, E. F. and Maniatis, T., 
Molecular Cloning: A Laboratory Manual, 2”“ ed., Cold 
Spring Harbor Laboratory: Cold Spring Harbor, NY. (1989) 
(hereinafter “Maniatis”); by Silhavy, T. 1., Bennan, M. L. 
and Enquist, L. W., Experiments with Gene Fusions, Cold 
Spring Harbor Laboratory: Cold Spring Harbor, NY. 
(1984); and by Ausubel, F. M. et al., Current Protocols in 
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Molecular Biology, published by Greene Publishing Assoc. 
and Wiley-lnterscience (1987). 

Microbial Biosynthesis of Fatty Acids and Triacylglycerols 
In general, lipid accumulation in oleaginous microorgan 

isms is triggered in response to the overall carbon to nitrogen 
ratio present in the groWth medium (FIG. 1). When cells 
have exhausted available nitrogen supplies (e.g., When the 
carbon to nitrogen ratio is greater than about 40), the 
depletion of cellular adenosine monophosphate (AMP) leads 
to the cessation of AMP-dependent isocitrate dehydrogenase 
activity in the mitochondria and the accumulation of citrate, 
transport of citrate into the cytosol, and subsequent cleavage 
of the citrate by ATP-citrate lyase to yield acetyl-CoA and 
oxaloacetate. Acetyl-CoA is the principle building block for 
de novo biosynthesis of fatty acids. Although any compound 
that can effectively be metaboliZed to acetyl-CoA can serve 
as a precursor of fatty acids, glucose is the primary source 
of carbon in this type of reaction (FIG. 1). Glucose is 
converted to pyruvate via glycolysis, and pyruvate is then 
transported into the mitochondria Where it can be converted 
to acetyl-CoA by pyruvate dehydrogenase (“PD”). Since 
acetyl-CoA can not be transported directly across the mito 
chondrial membrane into the cytoplasm, the tWo carbons 
from acetyl-CoA condense With oxaloacetate to yield citrate 
(catalyZed by citrate synthase). Citrate is transported directly 
into the cytoplasm, Where it is cleaved by ATP-citrate lyase 
to regenerate acetyl-CoA and oxaloacetate. The oxaloacetate 
reenters the tricarboxylic acid cycle, via conversion to 
malate. 
The synthesis of malonyl-CoA is the ?rst committed step 

of fatty acid biosynthesis, Which takes place in the cyto 
plasm. Malonyl-CoA is produced via carboxylation of 
acetyl-CoA by acetyl-CoA carboxylase (“ACC”). Fatty acid 
synthesis is catalyZed by a multi-enZyme fatty acid synthase 
complex (“PAS”) and occurs by the condensation of eight 
tWo-carbon fragments (acetyl groups from acetyl-CoA) to 
form a 16-carbon saturated fatty acid, palmitate. More 
speci?cally, FAS catalyZes a series of 7 reactions, Which 
involve the folloWing (Smith, S. FASEB J, 8(15):1248-59 
(1994)): 

1. Acetyl-CoA and malonyl-CoA are transferred to the 
acyl carrier peptide (ACP) of FAS. The acetyl group is 
then transferred to the malonyl group, forming [3-ke 
tobutyryl-ACP and releasing C02. 

2. The [3-ketobutyryl-ACP undergoes reduction (via [3-ke 
toacyl reductase) and dehydration (via [3-hydroxyacyl 
dehydratase) to form a trans-monounsaturated fatty 
acyl group. 

3. The double bond is reduced by NADPH, yielding a 
saturated fatty-acyl group tWo carbons longer than the 
initial one. The butyryl-group’s ability to condense 
With a neW malonyl group and repeat the elongation 
process is then regenerated. 

4. When the fatty acyl group becomes 16 carbons long, a 
thioesterase activity hydrolyses it, releasing free palmi 
tate (16:0). 

Whereas palmitate synthesis occurs in the cytosol, for 
mation of longer chain saturated and unsaturated fatty acid 
derivates occur in both the mitochondria and endoplasmic 
reticulum (ER), Wherein the ER is the dominant system. 
Speci?cally, palmitate (16:0) is the precursor of stearic 
(18:0), palmitoleic (16:1) and oleic (18:1) acids through the 
action of elongases and desaturases. For example, palmitate 
and stearate are converted to their unsaturated derivatives, 
palmitoleic (16:1) and oleic (18:1 ) acids, respectively, by 
the action of a A9 desaturase. 
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TAGs (the primary storage unit for fatty acids) are formed 
by a series of reactions that involve: 1.) the esteri?cation of 
one molecule of acyl-CoA to glycerol-3-phosphate via an 
acyltransferase to produce lysophosphatidic acid; 2.) the 
esteri?cation of a second molecule of acyl-CoA via an 
acyltransferase to yield 1,2-diacylglycerol phosphate (com 
monly identi?ed as phosphatidic acid); 3.) removal of a 
phosphate by phosphatidic acid phosphatase to yield 1,2 
diacylglycerol (DAG); and 4.) the addition of a third fatty 
acid by the action of a DAG acyltransferase (e.g., PDAT, 
DGAT2 or DGAT2) to form TAG (FIG. 1). 
A Wide spectrum of fatty acids can be incorporated into 

TAGs, including saturated and unsaturated fatty acids and 
short-chain and long-chain fatty acids. Some non-limiting 
examples of fatty acids that can be incorporated into TAGs 
by acyltransferases (e.g., DGAT2 or PDAT) include: capric 
(10:0), lauric (12:0), myristic (14:0), palmitic (16:0), palmi 
toleic (16:1), stearic (18:0), oleic (18:1), vaccenic (18:1), 
linoleic (18:2), eleostearic (18:3), y-linolenic (18:3), ot-lino 
lenic (18:3), stearidonic (18:4), arachidic (20:0), eicosadi 
enoic (20:2), dihomo-y-linoleic (20:3), eicosatrienoic (20:3), 
arachidonic (20:4), eicosa-tetraenoic (20:4), eicosa-pen 
taenoic (20:5), behenic (22:0), docosa-pentaenoic (22:5), 
docosa-hexaenoic (22:6), lignoceric (24:0), nervonic (24:1), 
cerotic (26:0), and montanic (28:0) fatty acids. In preferred 
embodiments of the present invention, incorporation of 
PUFAs into TAG is most desirable. 

Genes Encoding DGAT2 
Historically, DGAT1 (responsible for the third acyl trans 

ferase reaction, Wherein an acyl-CoA group is transferred 
from acyl-CoA to the sn-3 position of DAG to form TAG) 
Was thought to be the only enzyme speci?cally involved in 
TAG synthesis. This enZyme Was knoWn to be homologous 
to acyl-CoA:cholesterol acyltransferases (ACATs); hoW 
ever, recent studies have identi?ed a neW family of DAG 
acyltransferase enZymes that are unrelated to the ACAT gene 
family. Thus, nomenclature noW distinguishes betWeen the 
DAG acyltransferase enZymes that are related to the ACAT 
gene family (DGAT1 family) versus those that are unrelated 
(DGAT2 family) (LardiZabal et al., J. Biol. Chem. 276(42): 
38862-28869 (2001)). Members of the DGAT2 family 
appear to be present in all major phyla of eukaryotes (fungi, 
plants, animals, and basal eukaryotes). 
Many genes encoding DGAT2 enZymes have been iden 

ti?ed through genetic means and the DNA sequences of 
some of these genes are publicly available. For example, 
some non-limiting examples include the folloWing GenBank 
Accession Numbers: NCi001147 (locus NPi014888; Sac 
charomyces cerevisiae); NMi012079 (human); 
NMi127503, AF051849 and AJ238008 (Arabidopsis 
thaliana); NMi026384, NMi010046 and AB057816 
(mouse); AY093657 (pig); AB062762 (rat); AF221132 
(Caenorhabdilis elegans); AF391089 and AF391090 (Mor 
Zierella ramanniana); AF129003 (Nicoliana Zabacum); and, 
AF251794 and AF164434 (Brassica napus). Additionally, 
the patent literature provides many additional DNA 
sequences of DGAT2 genes (and/or details concerning sev 
eral of the genes above and their methods of isolation). See, 
for example: US 2003/124126 (Cases et al.); US 2003/ 
115632, US2003/0028923 and US 2004/0107459 (LardiZa 
bal et al.); and WO 2001/034814 (Banas et al.). 

Despite disclosure of several complete and incomplete 
sequences encoding DGAT2 (supra), very feW of these 
sequences have been shoWn to have DGAT2 activity. The 
exceptions include the Work of: 1.) Bouvier-Nave, P. et al. 
(Biochem. Soc. Trans. 28(6):692-695 (2000)), Wherein the 
DGAT2 of the nematode Worm Caenorhabdilis elegans Was 
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expressed in Saccharomyces cerevisiae, leading to an 
increase in TAG content and in microsomal oleyl-CoA:DAG 
acyltransferase activity; and, 2.) LardiZabal et al. (supra; see 
also US 2003/0028923 A1 and US 2004/0107459 A1), 
Wherein tWo DGAT2s of the fungus Morlierella ramanniana 
Were expressed in insect cells, leading to high levels of 
DGAT activity on membranes isolated from those cells. In 
addition to these demonstrations Where oil biosynthesis Was 
increased by over-expression of DGAT2, disruption of the 
genes encoding DGAT2 have also been shoWn to result in a 
decrease in the cellular TAG content (Oelkers et al. J Biol 
Chem. 277(11):8877-81 (2002); Sandager et al., J Biol 
Chem. 277:6478-6482 (2002); Sorger and Daum. J. Bacte 
riol. 184:519-524 (2002)). 

Genes Encoding PDAT 
TAG synthesis can also occur in the absence of acyl-CoA, 

via the acyl-CoA-independent PDAT enZyme, as recently 
discovered by Dahlqvist et al. (Proc. Nat. Acad. Sci. (USA) 
97:6487-6492 (2000)) and Oelkers et al. (J. Biol. Chem. 
275:15609-15612 (2000)). Speci?cally, PDAT removes an 
acyl group from the sn-2 position of a phosphotidylcholine 
substrate for transfer to the sn-3 position of DAG to produce 
TAG; and, although the function of PDAT is not as Well 
characterized as DGAT2, PDAT has been postulated to play 
a major role in removing “unusual” fatty acids from phos 
pholipids in some oilseed plants (Banas, A. et al., Biochem. 
Soc. Trans. 28(6):703-705 (2000)). 
PDAT is structurally related to the lecithin:cholesterol 

acyltransferase (LCAT) family of proteins. Several genes 
encoding PDAT enZymes have been identi?ed through 
genetic means and the DNA sequences of some of these 
genes are publicly available. For example, some non-limit 
ing examples include the folloWing GenBank Accession 
Numbers: P40345 (Saccharomyces cerevisiae); 094680 and 
NPi596330 (Schizosaccharomyces pombe); and, 
NPi190069 and AB006704 [gi:2351069] Arabidopsis 
Zhaliana). Additionally, the patent literature provides many 
additional DNA sequences of PDAT genes (and/or details 
concerning several of the genes above and their methods of 
isolation); see, for example, WO 2000/060095 (Dahlqvist et 
al.). 

In a manner similar to DGAT2, over-expression of PDAT 
has been accomplished in Saccharomyces cerevisiae to 
increase oil biosynthesis. For example, over-expressing the 
S. cerevisiae LROl gene encoding PDAT resulted in an 
increased TAG content, con?rming the involvement of this 
enZyme in TAG formation (Dahlqvist et al. Proc. Nat. Acad. 
Sci. (USA) 97:6487-6492 (2000); Oelkers et al., J. Biol. 
Chem. 275:15609-15612 (2000)). In contrast, deletion ofthe 
LROl gene Was found to cause signi?cant reduction of TAG 
synthesis (Oelkers et al., supra). 

Biosynthesis of Omega-3 and Omega-6 Polyunsaturated 
Fatty Acids 
The metabolic process that converts LA to GLA, DGLA 

and ARA (the 00-6 pathWay) and ALA to STA, ETA, EPA, 
DPA and DHA (the 00-3 pathWay) involves elongation of the 
carbon chain through the addition of tWo-carbon units and 
desaturation of the molecule through the addition of double 
bonds (FIG. 2). This requires a series of desaturation and 
elongation enZymes. Speci?cally, oleic acid is converted to 
LA (18:2), the ?rst of the 00-6 fatty acids, by the action ofa 
A12 desaturase. Subsequent 00-6 fatty acids are produced as 
folloWs: 1.) LA is converted to GLA by the activity of a A6 
desaturase; 2.) GLA is converted to DGLA by the action of 
an elongase; and 3.) DGLA is converted to ARA by the 
action of a A5 desaturase. In like manner, linoleic acid (LA) 
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is converted to ALA, the ?rst of the 00-3 fatty acids, by the 
action of a A15 desaturase. Subsequent 00-3 fatty acids are 
produced in a series of steps similar to that for the (00-6 fatty 
acids. Speci?cally, 1.) ALA is converted to STA by the 
activity of a A6 desaturase; 2.) STA is converted to ETA by 
the activity of an elongase; and 3.) ETA is converted to EPA 
by the activity of a A5 desaturase. Alternatively, ETA and 
EPA can be produced from DGLA and ARA, respectively, 
by the activity of a A17 desaturase. EPA can be further 
converted to DHA by the activity of an elongase and a A4 
desaturase. 

In alternate embodiments, a A9 elongase is able to cata 
lyZe the conversion of LA and ALA to eicosadienoic acid 
(EDA; C20:2) and eicosatrienoic acid (ETrA; C20:3), 
respectively. A A8 desaturase then converts these products to 
DGLA and ETA, respectively. 

Many microorganisms, including algae, bacteria, molds, 
fungi and yeasts, can synthesiZe PUFAs and omega fatty 
acids in the ordinary course of cellular metabolism. Particu 
larly Well-studied are fungi including Schizochylrium aggre 
galm, species of the genus T hrauslochylrium and Morlier 
ella alpina. Additionally, many dino?agellates 
(Dinophyceaae) naturally produce high concentrations of 
PUFAs. As such, a variety of desaturase and elongase genes 
involved in PUFA production have been identi?ed through 
genetic means and the DNA sequences of some of these 
genes are publicly available (non-limiting examples are 
shoWn beloW in Table 2): 

TABLE 2 

Some Publicly Available Genes Involved In PUFA Production 

Genbank 
Accession 
No. Description 

AY131238 Argania spinosa A6 desaturase 
Y055118 Echium pilardii var. pilardii A6 desaturase 
AY055117 Echium genlianoides A6 desaturase 
AF296076 Mucor rouxii A6 desaturase 
AF007561 Borago o?icinalis A6 desaturase 
L11421 Synechocysris sp. A6 desaturase 
NMi031344 Rallus norvegicus A6 fatty acid desaturase 
AF465283, MorriereZZa aZpina A6 fatty acid desaturase 
AF465281, 
AF110510 
AF465282 MorriereZZa isabeZZina A6 fatty acid desaturase 
AF419296 Pylhium irregulare A6 fatty acid desaturase 
AB052086 Mucor circineZZoides D6d mRNA for A6 fatty acid 

desaturase 
AJ250735 Ceralodon purpureus mRNA for A6 fatty acid 

desaturase 
AF126799 Homo sapiens A6 fatty acid desaturase 
AF126798 Mus musculus A6 fatty acid desaturase 
AF199596, Homo sapiens A5 desaturase 
AF226273 
AF320509 Rallus norvegicus liver A5 desaturase 
AB072976 Mus musculus D5D mRNA for A5 desaturase 
AF489588 Thrauslochylrium sp. ATCC21685 A5 fatty acid 

desaturase 
AJ510244 Phylophlhora megasperma mRNA for A5 fatty acid 

desaturase 
AF419297 Pylhium irregulare A5 fatty acid desaturase 
AF07879 Caenorhabdil‘is elegans A5 fatty acid desaturase 
AF067654 MorriereZZa aZpina A5 fatty acid desaturase 
AB022097 Diclyoslelium discoideum mRNA for A5 fatty acid 

desaturase 
AF489589.1 Thrauslochylrium sp. ATCC21685 A4 fatty acid 

desaturase 
AAG36933 EmericeZZa nidulans oleate A12 desaturase 
AF110509 MorriereZZa aZpina A12 fatty acid desaturase mRNA 
AB020033 MorriereZZa aZpina mRNA for A12 fatty acid desaturase 
AAL13300 MorriereZZa aZpina A12 fatty acid desaturase 
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TABLE 2-continued 

Some Publicly Available Genes Involved In PUFA Production 

Genbank 
Accession 
No. Description 

AF417244 MorriereZZa aZpina ATCC 16266 A12 fatty acid 
desaturase gene 

AF161219 Mucor rouxii A12 desaturase mRNA 
AY332747 Pavlova Zulheri A4 fatty acid desaturase (desl) mRNA 
AAG36933 EmericeZZa nidulans oleate A12 desaturase 
AF110509, MorriereZZa aZpina A12 fatty acid desaturase mRNA 
AB020033 
AAL13300 MorriereZZa aZpina A12 fatty acid desaturase 
AF417244 MorriereZZa aZpina ATCC 16266 A12 fatty acid 

desaturase 
AF161219 Mucor rouxii A12 desaturase mRNA 
X86736 Spiruline plalensis A12 desaturase 
AF240777 Caenorhabdil‘is elegans A12 desaturase 
ABO07640 Chlamydomonas reinhardrii A12 desaturase 
AB075526 ChZQreZZa vulgaris A12 desaturase 
AP002063 Arabidopsis lhaliana microsomal A12 desaturase 
NPi441622, Synechocysris sp. PCC 6803 A15 desaturase 
BAA18302, 
BAA02924 
AAL36934 PeriZZa frulescens A15 desaturase 
AF338466 Achela domeslt'cus A9 desaturase 3 mRNA 
AF438199 Picea glauca desaturase A9 (Des9) mRNA 
E11368 Anabaena A9 desaturase 
E11367 Synechocysris A9 desaturase 
D83185 Pichia angusla DNA for A9 fatty acid desaturase 
U90417 Synechococcus vulcanus A9 acyl-lipid fatty acid 

desaturase (desC) gene 
AF085500 MorriereZZa aZpina A9 desaturase mRNA 
AY504633 EmericeZZa nidulans A9 stearic acid desaturase (sdeB) 

gene 
NMi069854 Caenorhabdil‘is elegans essential fatty acid desaturase, 

stearoyl-CoA desaturase (39.1 kD) (fat-6) complete 
mRNA 

AF230693 Brassica oleracea cultivar Rapid Cycling stearoyl-ACP 
desaturase (A9-BO-1) gene, eXon sequence 

AX464731 MorriereZZa aZpina elongase gene (also WO 02/08401) 
NMi119617 Arabidopsis lhaliana fatty acid elongase 1 (FAEl) 

(At4g34520) mRNA 
NMi134255 Mus musculus ELOVL family member 5, elongation 

of long chain fatty acids (yeast) (Elovl5), mRNA 
NMi134383 Rallus norvegicus fatty acid elongase 2 (rELO2), mRNA 
NMi134382 Rallus norvegicus fatty acid elongase 1 (rELOl), mRNA 
NMi068396, Caenorhabdil‘is elegans fatty acid ELOngation (elo-6), 
NMi068392, (elo-S), (elo-2), (elo-3), and (elo-9) mRNA 
NMi070713, 
NMi068746, 
NMi064685 

Additionally, the patent literature provides many addi 
tional DNA sequences of genes (and/or details concerning 
several of the genes above and their methods of isolation) 
involved in PUFA production. See, for example: US. Pat. 
No. 5,968,809 (A6 desaturases); US. Pat. No. 5,972,664 and 
US. Pat. No. 6,075,183 (A5 desaturases); WO 91/13972 and 
US. Pat. No. 5,057,419 (A9 desaturases); WO 93/11245 
(A15 desaturases); WO 94/11516, US. Pat. No. 5,443,974 
and WO 03/099216 (A12 desaturases); WO 00/12720 and 
US. 2002/0139974A1 (elongases); US. 2003/0196217 A1 
(A17 desaturase); WO 00/34439 (A8 desaturases); and, WO 
02/090493 (A4 desaturases). Each of these patents and 
applications are herein incorporated by reference in their 
entirety. 

Depending upon the host cell, the availability of substrate, 
and the desired end product(s), several desaturases and 
elongases are of interest for use in production of PUFAs. 
Considerations for choosing a speci?c polypeptide having 
desaturase or elongase activity include: 1.) the substrate 
speci?city of the polypeptide; 2.) Whether the polypeptide or 
a component thereof is a rate-limiting enZyme; 3.) Whether 
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the desaturase or elongase is essential for synthesis of a 
desired PUFA; and/or 4.) co-factors required by the polypep 
tide. The expressed polypeptide preferably has parameters 
compatible With the biochemical environment of its location 
in the host cell. For example, the polypeptide may have to 
compete for substrate With other enzymes in the host cell. 
Analyses of the KM and speci?c activity of the polypeptide 
are therefore considered in determining the suitability of a 
given polypeptide for modifying PUFA production in a 
given host cell. The polypeptide used in a particular host cell 
is one that can function under the biochemical conditions 
present in the intended host cell but otherWise can be any 
polypeptide having desaturase or elongase activity capable 
of modifying the desired fatty acid substrate. 

Sequence Identi?cation of Yarrowia lipolylica DGAT2 and 
PDAT Acyltransferases 

Despite the availability of several genes encoding DGAT2 
and PDAT (supra) Which could be used for heterologous 
expression in oleaginous yeast (e.g., Yarrowia lipolylica), 
expression of a native enZyme is preferred over a heterolo 
gous (or “foreign”) enZyme Whenever possible. This pref 
erence occurs because: 1. ) the native enZyme is optimiZed 
for interaction With other enzymes and proteins in the cell; 
and 2. ) heterologous genes are unlikely to share the same 
codon preference in the host organism. Knowledge of the 
sequences of a host organism’s native PDAT and DGAT2 
genes also facilitates disruption of the homologous chromo 
somal genes by targeted disruption. And, as the present 
invention has shoWn, disruption of one or more of an 
organism’s acyltransferases (e.g., PDAT, DGAT2), When at 
least one acyltransferase remains functional, can result in 
altered oil content. 

Comparison of the PDAT nucleotide base (SEQ ID 
NO:45) and deduced amino acid (SEQ ID NO:46) sequences 
to some public databases reveals that the most similar 
knoWn sequences are about 47.1% identical to the amino 
acid sequence of PDAT reported herein over a length of 648 
amino acids using the Clustal W method of alignment 
(Higgins and Sharp, CABIOS. 5:151-153 (1989)). More 
preferred amino acid fragments are at least about 70%-80% 
identical to the sequences herein, Where those sequences that 
are 85%-90% identical are particularly suitable and those 
sequences that are about 95% identical are most preferred. 
Similarly, preferred PDAT encoding nucleic acid sequences 
corresponding to the instant ORF are those encoding active 
proteins and Which are at least about 70%-80% identical to 
the nucleic acid sequences encoding PDAT reported herein, 
Where those sequences that are 85%-90% identical are 
particularly suitable and those sequences that are about 95% 
identical are most preferred. 

Comparison of the DGAT2 nucleotide base (SEQ ID 
NO:30) and deduced amino acid (SEQ ID NO:79) sequences 
to some public databases reveals that the most similar 
knoWn sequences are about 38.4% identical to the amino 
acid sequence of DGAT2 reported herein over a length of 
355 amino acids using the Clustal W method of alignment 
(Higgins and Sharp, supra). More preferred amino acid 
fragments are at least about 70%-80% identical to the 
sequences herein, Where those sequences that are 85%-90% 
identical are particularly suitable and those sequences that 
are about 95% identical are most preferred. Similarly, pre 
ferred DGAT2 encoding nucleic acid sequences correspond 
ing to the instant ORF are those encoding active proteins and 
Which are at least about 70%-80% identical to the nucleic 
acid sequences encoding DGAT2 reported herein, Where 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

22 
those sequences that are 85%-90% identical are particularly 
suitable and those sequences that are about 95% identical are 
most preferred. 

Isolation of Homologs 
Each of the acyltransferase nucleic acid fragments of the 

instant invention may be used to isolate genes encoding 
homologous proteins from the same or other microbial 
species. Isolation of homologous genes using sequence 
dependent protocols is Well knoWn in the art. Examples of 
sequence-dependent protocols include, but are not limited 
to: 1. ) methods of nucleic acid hybridiZation; 2. ) methods 
of DNA and RNA ampli?cation, as exempli?ed by various 
uses of nucleic acid ampli?cation technologies [e.g., poly 
merase chain reaction (PCR), Mullis et al., US. Pat. No. 
4,683,202; ligase chain reaction (LCR), Tabor, S. et al., 
Proc. Acad. Sci. USA 82:1074 (1985); or strand displace 
ment ampli?cation (SDA), Walker, et al., Proc. Natl. Acad. 
Sci. USA, 89:392 (1992)]; and 3. ) methods of library 
construction and screening by complementation. 

For example, genes encoding similar proteins or polypep 
tides to the acyltransferases described herein could be iso 
lated directly by using all or a portion of the instant nucleic 
acid fragments as DNA hybridiZation probes to screen 
libraries from any desired yeast or fungus using methodol 
ogy Well knoWn to those skilled in the art. Speci?c oligo 
nucleotide probes based upon the instant nucleic acid 
sequences can be designed and synthesiZed by methods 
knoWn in the art (Maniatis, supra). Moreover, the entire 
sequences can be used directly to synthesiZe DNA probes by 
methods knoWn to the skilled artisan (e.g., random primers 
DNA labeling, nick translation or end-labeling techniques), 
or RNA probes using available in vitro transcription sys 
tems. In addition, speci?c primers can be designed and used 
to amplify a part of (or full-length of) the instant sequences. 
The resulting ampli?cation products can be labeled directly 
during ampli?cation reactions or labeled after ampli?cation 
reactions, and used as probes to isolate full-length DNA 
fragments under conditions of appropriate stringency. 

Typically, in PCR-type ampli?cation techniques, the 
primers have different sequences and are not complementary 
to each other. Depending on the desired test conditions, the 
sequences of the primers should be designed to provide for 
both ef?cient and faithful replication of the target nucleic 
acid. Methods of PCR primer design are common and Well 
knoWn in the art (Thein and Wallace, “The use of oligo 
nucleotides as speci?c hybridiZation probes in the Diagnosis 
of Genetic Disorders”, in Human Genetic Diseases: A 
PracZicalApproach, K. E. Davis Ed., (1986) pp 33-50, IRL: 
Hemdon, Va.; and Rychlik, W., In Methods in Molecular 
Biology, White, B. A. Ed., (1993) Vol. 15, pp 31-39, PCR 
Protocols: Current Methods and Applications. Humania: 
TotoWa, N.J.). 

Generally tWo short segments of the instant sequences 
may be used in polymerase chain reaction protocols to 
amplify longer nucleic acid fragments encoding homolo 
gous genes from DNA or RNA. The polymerase chain 
reaction may also be performed on a library of cloned 
nucleic acid fragments Wherein the sequence of one primer 
is derived from the instant nucleic acid fragments, and the 
sequence of the other primer takes advantage of the presence 
of the polyadenylic acid tracts to the 3' end of the mRNA 
precursor encoding microbial genes. 

Alternatively, the second primer sequence may be based 
upon sequences derived from the cloning vector. For 
example, the skilled artisan can folloW the RACE protocol 
(Frohman et al., PNAS USA 85:8998 (1988)) to generate 
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cDNAs by using PCR to amplify copies of the region 
between a single point in the transcript and the 3' or 5' end. 
Primers oriented in the 3' and 5' directions can be designed 
from the instant sequences. Using commercially available 3' 
RACE or 5' RACE systems (BRL, Gaithersburg, Md.), 
speci?c 3' or 5' cDNA fragments can be isolated (Ohara et 
al., PNAS USA 8615673 (1989); Loh et al., Science 243:217 
(1989)). 

Alternatively, the instant acyltransferase sequences may 
be employed as hybridization reagents for the identi?cation 
of homologs. The basic components of a nucleic acid 
hybridization test include a probe, a sample suspected of 
containing the gene or gene fragment of interest, and a 
speci?c hybridization method. Probes of the present inven 
tion are typically single-stranded nucleic acid sequences that 
are complementary to the nucleic acid sequences to be 
detected. Probes are “hybridizable” to the nucleic acid 
sequence to be detected. The probe length can vary from 5 
bases to tens of thousands of bases, and Will depend upon the 
speci?c test to be done. Typically a probe length of about 15 
bases to about 30 bases is suitable. Only part of the probe 
molecule need be complementary to the nucleic acid 
sequence to be detected. In addition, the complementarity 
betWeen the probe and the target sequence need not be 
perfect. Hybridization does occur betWeen imperfectly 
complementary molecules With the result that a certain 
fraction of the bases in the hybridized region are not paired 
With the proper complementary base. 

Hybridization methods are Well de?ned. Typically the 
probe and sample must be mixed under conditions that Will 
permit nucleic acid hybridization. This involves contacting 
the probe and sample in the presence of an inorganic or 
organic salt under the proper concentration and temperature 
conditions. The probe and sample nucleic acids must be in 
contact for a long enough time that any possible hybridiza 
tion betWeen the probe and sample nucleic acid may occur. 
The concentration of probe or target in the mixture Will 
determine the time necessary for hybridization to occur. The 
higher the probe or target concentration, the shorter the 
hybridization incubation time needed. Optionally, a chao 
tropic agent may be added. The chaotropic agent stabilizes 
nucleic acids by inhibiting nuclease activity. Furthermore, 
the chaotropic agent alloWs sensitive and stringent hybrid 
ization of short oligonucleotide probes at room temperature 
(Van Ness and Chen, Nucl. Acids Res. 19:5143-5151 
(1991)). Suitable chaotropic agents include guanidinium 
chloride, guanidinium thiocyanate, sodium thiocyanate, 
lithium tetrachloroacetate, sodium perchlorate, rubidium tet 
rachloroacetate, potassium iodide and cesium tri?uoroac 
etate, among others. Typically, the chaotropic agent Will be 
present at a ?nal concentration of about 3 M. If desired, one 
can add formamide to the hybridization mixture, typically 
30-50% (v/v). 

Various hybridization solutions can be employed. Typi 
cally, these comprise from about 20 to 60% volume, pref 
erably 30%, of a polar organic solvent. A common hybrid 
ization solution employs about 30-50% v/v formamide, 
about 0.15 to 1 M sodium chloride, about 0.05 to 0.1 M 
bulfers (e. g., sodium citrate, Tris-HCl, PIPES or HEPES (pH 
range about 6-9)), about 0.05 to 0.2% detergent (e.g., sodium 
dodecylsulfate), or betWeen 0.5-20 mM EDTA, FICOLL 
(Pharmacia Inc.) (about 300-500 kdal), polyvinylpyrroli 
done (about 250-500 kdal) and serum albumin. Also 
included in the typical hybridization solution Will be unla 
beled carrier nucleic acids from about 0.1 to 5 mg/mL, 
fragmented nucleic DNA (e.g., calf thymus or salmon sperm 
DNA, or yeast RNA), and optionally from about 0.5 to 2% 
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Wt/vol glycine. Other additives may also be included, such 
as volume exclusion agents that include a variety of polar 
Water-soluble or sWellable agents (e.g., polyethylene gly 
col), anionic polymers (e.g., polyacrylate or polymethy 
lacrylate) and anionic saccharidic polymers (e.g., dextran 
sulfate). 

Nucleic acid hybridization is adaptable to a variety of 
assay formats. One of the most suitable is the sandWich 
assay format. The sandWich assay is particularly adaptable 
to hybridization under non-denaturing conditions. Aprimary 
component of a sandWich-type assay is a solid support. The 
solid support has adsorbed to it or covalently coupled to it 
immobilized nucleic acid probe that is unlabeled and 
complementary to one portion of the sequence. 

Availability of the instant nucleotide and deduced amino 
acid sequences facilitates immunological screening of DNA 
expression libraries. Synthetic peptides representing por 
tions of the instant amino acid sequences may be synthe 
sized. These peptides can be used to immunize animals to 
produce polyclonal or monoclonal antibodies With speci?c 
ity for peptides or proteins comprising the amino acid 
sequences. These antibodies can then be used to screen DNA 
expression libraries to isolate full-length DNA clones of 
interest (Lerner, R. A. Adv. Immunol. 36:1 (1984); Maniatis, 
supra). 
Gene Optimization for Improved Heterologous Expression 

It may be desirable to modify the expression of particular 
acyltransferases and/or PUFA biosynthetic pathWay 
enzymes to achieve optimal conversion ef?ciency of each, 
according to the speci?c TAG composition of interest. As 
such, a variety of techniques can be utilized to improve/ 
optimize the expression of a polypeptide of interest in an 
alternative host. TWo such techniques include codon-opti 
mization and mutagenesis of the gene. 
Codon Optimization 
For the purposes of the present invention, it may be 

desirable to modify a portion of the codons encoding 
polypeptides having acyltransferase activity, for example, to 
enhance the expression of genes encoding those polypep 
tides in an alternate host (i.e., an oleaginous yeast other than 
Yarrowia lipolylica). In general, host-preferred codons can 
be determined Within a particular host species of interest by 
examining codon usage in proteins (preferably those 
expressed in the largest amount) and determining Which 
codons are used With highest frequency. Thus, the coding 
sequence for a polypeptide having acyltransferase activity 
can be synthesized in Whole or in part using the codons 
preferred in the host species. All (or portions) of the DNA 
also can be synthesized to remove any destabilizing 
sequences or regions of secondary structure that Would be 
present in the transcribed mRNA. All (or portions) of the 
DNA also can be synthesized to alter the base composition 
to one more preferable in the desired host cell. 

Mutagenesis 
Methods for synthesizing sequences and bringing 

sequences together are Well established in the literature. For 
example, in vitro mutagenesis and selection, site-directed 
mutagenesis, error prone PCR (Melnikov et al., Nucleic 
Acids Research, 27(4):1056-1062 (Feb. 15, 1999)), “gene 
shu?ling” or other means can be employed to obtain muta 
tions of naturally occurring acyltransferase genes. This 
Would permit production of a polypeptide having acyltrans 
ferase activity in vivo With more desirable physical and 
kinetic parameters for function in the host cell (e. g., a longer 
half-life or a higher rate of synthesis of TAGs from fatty 

acids). 


























































































